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Abstract The photosystem II (PSII) reaction center protein D1
undergoes rapid light-dependent turnover, which is caused by
photoinhibition. To identify the photoreceptor(s) involved in the
light-dependent expression of the psbA gene encoding the D1
protein, we determined the action spectra of psbA transcription,
PSII activity, photosynthesis and photoinhibition in Synecho-
cystis sp. PCC 6803. In accordance with its phycobilisome
antenna, PSII showed the highest activity in the spectral region
from yellow to red and only low activity in the ultraviolet-A
(UV-A) to green region. Photoinhibition, in turn, was fastest in
UV-A to violet light and a minor peak was found in the orange
region. The action spectrum of psbA transcription resembled
closely that of photoinhibition, suggesting that photoinhibition
creates a signal for up-regulation of the psbA gene. ß 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
Key words: Cyanobacterium; D1 protein; Photosystem II;
photoinhibition; psbA gene
1. Introduction
Cyanobacteria, like plants, perform oxygenic photosynthe-
sis through a series of two photosystems. Photosystem II
(PSII) is a membrane-embedded protein complex that trans-
fers electrons across the thylakoid membrane from water to
the plastoquinone pool. The D1 and D2 proteins form the
reaction center dimer of PSII binding the redox active com-
ponents. In the light, the D1 protein has a rapid turnover
which is a consequence of light intensity-dependent damage
to PSII [1]. The repair of the photodamaged PSII center re-
quires the replacement of its D1 protein with a newly synthe-
sized copy [2], and D1 synthesis seems to be a strictly regu-
lated process both in cyanobacteria and in plants.
In cyanobacteria, the D1 protein is encoded by a small
psbA gene family. The psbA gene expression is mainly regu-
lated at the level of transcription, but also transcript stability
[3^5] and translation activity [6] a¡ect the synthesis rate of the
D1 protein in cyanobacteria. Several regulatory mechanisms
have been suggested for psbA gene transcription. In the cya-
nobacterium Synechococcus sp. PCC 7942, the exchange be-
tween psbAI and psbAII/III transcripts, encoding two di¡erent
forms of D1 protein, is dependent on light quantity and qual-
ity and has been suggested to be mediated either by a blue
light receptor [7] or by di¡erent redox sensors [8,9]. In Syn-
echocystis sp. PCC 6803 the two active psbA genes encode
identical D1 proteins. Both redox-responsive [10,11] and re-
dox-state-independent [5,12^14] mechanisms have been sug-
gested for the regulation of psbA gene transcription in Syne-
chocystis sp. PCC 6803.
Although it is well documented that the transcription of
psbA genes is activated in the light and repressed in the
dark, previous studies have not explained how cyanobacterial
cells percept the light signal. The possible light receptors in-
clude photosynthetic pigments of cyanobacteria: phycobilins,
chlorophyll (chl) a and carotenoids. Phycobilins absorb yellow
to red light [15] in phycobilisomes, the main light harvesting
antennae of PSII in cyanobacteria. The second principal pho-
tosynthetic pigment in cyanobacteria, chl a, has two absorp-
tion peaks, one in violet light (Vmax = 438 nm) and another in
red light (Vmax = 664 nm). Chl a is the major light absorbing
pigment of photosystem I (PSI). Carotenoids absorb light at
450^570 nm and function both as accessory pigments in pho-
tosynthesis and as photoprotectants [16].
Besides photosynthetic pigments, two bacteriophytochrome
systems have been identi¢ed in cyanobacteria [17,18]. How-
ever, the expression of bacteriophytochrome has been mea-
sured only in the dark [18,19], and thus it is unlikely that
they are involved in the regulation of psbA genes. In addition,
two open reading frames in Synechocystis sp. PCC 6803 ge-
nome show high homology with photolyase and crypto-
chrome genes. Mutant studies have revealed that the phrA
gene encodes a functional photolyase while the phrB gene
product might encode a cryptochrome [20]. Cryptochromes
absorb light from ultraviolet (UV) to blue and mediate
many regulatory processes in plants [21].
In the present study, we measured the action spectra of
psbA and psbD gene expression in order to identify the pos-
sible light receptor. It appears that the principal photosyn-
thetic pigments or known regulatory photoreceptors are not
crucial as such, but the action spectrum of psbA gene expres-
sion is similar to that measured for photoinhibition.
2. Materials and methods
2.1. Strains and growth conditions
The glucose tolerant strain of Synechocystis sp. PCC 6803, referred
here to as the wild-type, was grown in BG-11 medium at 32‡C under
continuous illumination of 50 Wmol photons m32 s31. The mutant
strain AR (insertionally inactivated psbA1 and psbA3 genes and in-
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activated spe gene) was grown similarly except that the growth me-
dium was supplemented with appropriate antibiotics [22].
2.2. Light treatments of cell cultures
The cells were harvested at the logarithmic growth phase by cen-
trifugation at 4000Ug for 5 min and resuspended in fresh BG-11
medium to a ¢nal chl concentration of 10 Wg chl/ml, wrapped in
aluminum foil and dark-incubated for 18 h in order to deplete the
cell of psb transcripts. The cells were then illuminated at the photon
£ux density (PFD) of 50 Wmol m32 s31 under di¡erent wavelengths of
light for 15 and 60 min. Cells were illuminated with a slide projector
through pairs of long-pass (LL) and short-pass (LS) ¢lters (Corion):
violet (400^450 nm), blue (450^500 nm), green (500^550 nm), yellow
(550^600 nm), orange (600^650 nm), and red (650^700 nm). The ac-
tual spectrum for each ¢lter pair, measured with a calibrated S2000
spectrophotometer (Ocean Optics, Dunedin, FL, USA), is shown in
Fig. 1A. For treatment of the cells with UV light (a broad band
peaking at 370 nm), light from an Oriel 6258 ozone-free xenon
lamp was ¢ltered through a UG-11 ¢lter (Schott).
2.3. Extraction of RNAs and Northern blotting
Total RNA was isolated using the hot phenol method as described
previously [6]. The RNAs (4 Wg/well) were separated on 1.2% agarose^
glyoxal gels and subsequently transferred to Hybond-N membrane
(Amersham) according to standard procedures [23]. To verify equal
loading of the gels and even transfer of the RNAs in blotting, the
membranes were always stained with methylene blue [23]. The whole
psbA2 and psbD2 genes were used as DNA probes. Prehybridization
and hybridizations were performed as described previously [22]. Auto-
radiograms from three independent experiments were quanti¢ed using
The Analytical Image Station (Imaging Research Inc., Canada) and
action spectra were calculated by subtracting the amount of psbA
transcript in the dark from the amount of psbA transcript after 1 h
light treatment.
2.4. Determination of photosynthetic and PSII activity in vivo
The relative quantum yield of photosynthesis was measured with a
Clark type oxygen electrode (Hansatech) using 10 mM NaHCO3 as a
terminal electron acceptor. The cell suspension (10 Wg chl/ml, 1 ml)
was illuminated with four low intensities of light de¢ned with the
Corion ¢lters as above. The light intensities were adjusted so that
the production of oxygen was linearly dependent on light intensity.
From these results the apparent relative quantum yield of photosyn-
thesis was calculated for each wavelength region. The relative quan-
tum yield of PSII electron transfer was calculated similarly except that
0.5 mM 2,6-dichloro-p-benzoquinone (DCBQ) was used as a electron
acceptor. Ferricyanide (0.5 mM) was added to the cell suspension to
keep DCBQ in the oxidized form. The relative rates of PSII oxygen
evolution and photosynthesis under UV-A illumination were mea-
sured by illuminating a 400 Wl volume of Synechocystis cell suspension
(10 Wg chl/ml) in an oxygen electrode through a fused silica rod serv-
ing both as a light guide and stopper.
2.5. In vivo photoinhibition measurements
The e¡ect of light quality in inducing photoinhibition was studied
by illuminating the cells (10 Wg chl/ml) at 200 Wmol photons m32 s31
of UV-A, violet, blue, green, yellow, orange or red light. Translation
inhibitor, lincomycin (500 Wg/ml), was added at the beginning of illu-
mination to block the synthesis of the D1 protein and thus to prevent
the repair of PSII. Aliquots for oxygen evolution measurements were
withdrawn after 1, 2, 3 and 4 h of illumination, except that for the
UV-A treatments the aliquots were withdrawn after 15, 30 and 60 min
of illumination. Oxygen evolution was measured with an oxygen elec-
trode in saturating light using DCBQ as electron acceptor. The rate
constant of photoinhibition (kpi) was calculated from oxygen evolu-
tion data by curve ¢tting as by Tyystja«rvi and Aro [1].
3. Results
3.1. Action spectra of expression of PSII reaction center genes
in Synechocystis sp. PCC 6803
The e¡ect of light quality on the transcription activities of
psbA and psbD genes encoding the PSII reaction center pro-
teins D1 and D2 was studied by illuminating cells for 15 and
60 min with 50 nm slices of the visible spectrum de¢ned with
high- and low-pass ¢lters (Fig. 1A). The PFD was 50 Wmol
m32 s31. The psbD2 (1.3 kb) and psbDC (2.5 kb) transcripts,
encoding identical D2 proteins, are seen as two separate bands
in Northern blots (Fig. 1B). The psbA2 and psbA3 genes both
produce approximately 1.2 kb transcripts and are therefore
seen as a single band in Northern blots (Fig. 1B). The cells
were pre-treated in the dark for 18 h in order to minimize the
amounts of psbA, psbD2 and psbDC mRNAs [14]. The
amounts of psbA and psbD2 transcripts were already slightly
elevated after a 15 min illumination of the cells under any
light quality, but the amount of psbDC transcripts remained
below the detection limit (Fig. 1B). Illumination for 1 h of the
cells under di¡erent wavelengths induced the expression of all
studied genes. The psbA and psbD2 transcripts were ¢ve to six
times more abundant after 1 h of illumination under violet
light than in the dark (Fig. 1B). Illumination with red or
orange light induced transcription of the psbA and psbD2
genes although the induction was only half as e⁄cient as
that measured under violet light. Under blue, green and yel-
low regions, transcription of psbA and psbD2 genes was only
slightly activated. The action spectrum of psbA transcription,
calculated from the results of three independent Northern blot
experiments (60 min illumination), is shown in Fig. 2D. In
contrast to psbA and psbD2 genes, the psbDC operon was
most e⁄ciently activated by orange light. Clear activation
was also induced by violet, yellow and red light, while only
very low activation of psbDC transcription was seen under
blue and green light (Fig. 1B).
Fig. 1. Amounts of psbA, psbD and psbDC transcripts in Synecho-
cystis sp. PCC 6803 after illumination with di¡erent wavelengths of
light. A: The spectra of the wavelength regions used to illuminate
Synechocystis cells. The spectra were normalized to the same peak
intensity. B: A representative Northern blot showing the amounts
of psbA, psbD2 and psbDC transcripts after illumination with di¡er-
ent wavelength regions for 15 and 60 min.
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3.2. Action spectra of photosynthetic activity, PSII activity and
photoinhibition
The photosynthetic activity of Synechocystis cells was mea-
sured in vivo in di¡erent light qualities and the relative quan-
tum yield of photosynthesis was calculated for each light qual-
ity (Fig. 2A). The lowest relative quantum yield of
photosynthesis was observed in blue light, and the quantum
yield of photosynthesis was two to three times higher under
violet, green and yellow light than in blue light. Illumination
with orange and red light produced a six times higher relative
quantum yield of photosynthesis than was measured under
violet light. The relative quantum yield of PSII activity, in
turn, was low under violet, blue and green light (Fig. 2B).
The highest PSII activity was measured in yellow light where
the relative quantum yield of PSII activity was about 20 times
higher than in blue light. The cells that were illuminated under
orange and red light showed almost as high a quantum yield
of PSII activity as those illuminated with yellow light (Fig.
2B). A similar action spectrum of PSII activity was recently
obtained using the £ash illumination technique [24].
To produce the action spectrum of photoinhibition, we
measured the loss of PSII activity, during illumination at spe-
ci¢c wavelength regions in the presence of lincomycin, and
calculated the rate constant of photoinhibition for each wave-
length region (Fig. 2C). Violet light damaged PSII very e⁄-
ciently while blue, green, yellow and red light were much less
e⁄cient (Fig. 2C). Orange light induced fairly fast photoinhi-
bition, but the kpi value was still less than half of that mea-
sured in violet light (Fig. 2C).
3.3. UV light e⁄ciently induces photoinhibition and activates
transcription of the psbA gene
The action spectra of photoinhibition and psbA transcrip-
tion activity show some similarity with the absorption spec-
trum of chl a. To test if chl a actually is the photoreceptor for
photoinhibition and psbA gene transcription, we followed the
inhibition of PSII activity and the induction of psbA gene
transcription in vivo under UV-A light where chl a absorbs
less e⁄ciently than in violet and red light. Since the photo-
synthetic e⁄ciency of UV-A light is very low, psbA transcripts
may become stabilized in wild-type Synechocystis in the same
way as in darkness [5]. We measured psbA transcripts also in
the mutant strain AR in which psbA transcript stabilization
does not occur at all because of inactivation of the spe gene
[4]. The AR strain contains only one functional psbA gene,
psbA2 [22], that is the mainly expressed psbA gene in Syne-
chocystis [25].
The UV-A treatment induced twice as many psbA tran-
scripts as did the violet light and 10 times more than did
the yellow light treatment in both wild-type and AR strains
(Fig. 3A), indicating that transcription rather than transcript
stability was a¡ected and that the enhancement was on the
psbA2 gene. Furthermore, the enhancement of transcription in
UV-A also rules out the involvement of chl a as the photo-
receptor for psbA gene expression. UV-A treatment also in-
duced very rapid photoinhibition: only 35% of PSII activity
was left after 15 min illumination under UV-A light in the
presence of lincomycin (Fig. 3B). A kpi value of 4 h31 was
calculated from the data shown in Fig. 3B, indicating that UV
light induced photoinhibition approximately ¢ve times as e⁄-
ciently as violet light (Fig. 2C).
4. Discussion
Our goal was to identify the photoreceptor perceiving the
light signal activating the transcription of psbA and psbD
genes in Synechocystis sp. PCC 6803. To distinguish between
possible light receptors, Synechocystis cells were illuminated
Fig. 2. Action spectra of photosynthetic activity, PSII activity, photoinhibition and psbA gene transcription. A: Apparent quantum yield of
photosynthesis in vivo. B: Apparent quantum yield of PSII activity. C: The susceptibility of Synechocystis cells to photoinhibition under di¡er-
ent wavelength regions. D: The amount of psbA mRNA after 60 min illumination under di¡erent light qualities.
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under di¡erent wavelengths of light. The action spectra of
psbA and psbD2 transcription were similar: high activity
under UV-A and violet region and a minor peak in the or-
ange^red region. These action spectra corroborate an earlier
study showing very strong elevation of psbA transcripts under
UV-B illumination [13]. It has also been shown that more
psbA transcripts accumulate if Synechocystis cells are illumi-
nated with 350^530 nm than with 580^650 nm light [26]. In
another cyanobacterium Synechococcus sp. PCC 7942, the
speci¢c enhancement of psbAII/III gene expression under visi-
ble light peaks at 450 nm [7,27], which has been suggested to
indicate the involvement of a blue light receptor in the regu-
lation of transcription of psbA genes. A high transcription
activity of psbA and psbD2 genes in UV-A (emission maxi-
mum at 370 nm) and violet (400^450 nm) regions in Synecho-
cystis cells (Figs. 1 and 3) could be explained by a blue light
receptor. However, signal transduction via a blue light recep-
tor cannot explain active transcription of psbA and psbD2
genes in the orange^red light region, the very low transcrip-
tion activity in blue light (450^500 nm) or the dependence of
transcription on light intensity [22].
We next considered the regulatory mechanisms that directly
couple the e⁄ciency of PSII or photosynthetic electron trans-
fer to the expression of PSII reaction center genes. In a pre-
vious study, Pfannschmidt and coworkers suggested that tran-
scription of the psbA gene in chloroplast is controlled via the
redox state of the plastoquinone pool [28]. Recently, it was
suggested that the oxidation of the electron transfer chain
between PSII and PSI functions as a signal for up-regulation
of psbA genes in Synechocystis [26]. This hypothesis was based
on measurements of the amounts of psbA transcripts and
electron transfer activities under three light qualities [26].
Our data corroborate the ¢nding that when blue and orange
light are compared, a high amount of psbA transcripts and
oxidation of the electron transfer chain between PSII and PSI
coincide. However, comparison of more complete action spec-
tra of PSII activity and photosynthesis to that of psbA tran-
scription (Fig. 2) does not support the redox control hypoth-
esis. For example, illumination of Synechocystis cells with
violet or blue light favors PSI thus inducing oxidation of
the electron transfer chain between PSII and PSI in both light
regimes. Notably, however, the highest amount of psbA tran-
scripts was measured under violet light and the lowest amount
under blue light, indicating that the redox state of the electron
transfer chain is a very unlikely candidate for a regulatory
factor for psbA gene transcription. Redox-independent mech-
anisms are further supported by earlier studies on D1 mutant
strains showing that no correlation exists between their elec-
tron transfer capacity and transcription activity of the psbA
gene [22,29].
Because psbA transcription appeared not to be under redox
regulation, we studied if photoinhibition could function as a
regulatory factor for psbA and psbD genes. Such regulation
would be very reasonable because the repair of photoinhibited
PSII requires the replacement of the damaged D1 protein (and
to a lesser extent D2) with a newly synthesized copy [2]. We
found that the action spectra of psbA and psbD2 gene tran-
scription resemble the action spectrum of photoinhibition. In
line with this result, mutation-induced changes in the turnover
rate of the D1 protein are re£ected in the transcription rate of
the psbA2 gene [22,29]. Similarly, illumination with increasing
irradiances enhances both the turnover rate of the D1 protein
and the transcription activity of the psbA gene [22]. Over-
saturating single turnover £ashes that induce photoinhibition
[30] but keep the photosynthetic electron transfer chain in its
oxidized state were shown to induce transcription of the psbA
gene in Synechocystis cells [5], providing further support to
the idea that photoinhibition mediates the enhancement of
psbA gene expression in the light. The connection between
photoinhibition and psbA transcription is also supported by
the ¢nding that PSII electron transfer inhibitors slowing down
photoinhibition induce a slight decrease in the transcription
rate of the psbA gene [10,12]. It is thus conceivable that pho-
toinhibition produces a signal that induces the transcription of
the psbA and psbD2 genes when accelerated synthesis of D1
and D2 proteins is required to repair photodamaged PSII
complexes.
Photoinhibition induced by UV or visible light damages the
D1 protein, and to a lesser extent also the D2 protein, while
all the other PSII proteins remain intact [2,31,32]. In line with
this notion, the action spectrum of psbDC transcripts di¡ers
from the spectra of psbA and psbD2 transcripts (Fig. 1). The
activation of the psbDC operon occurs more slowly after the
onset of illumination and its transcriptional activity is highest
in the photosynthetically most e⁄cient wavelength regions
(Figs. 1 and 2A). Previous study has shown that the tran-
scription rate of the psbDC operon remains constant under
the PFDs of 50^1500 Wmol m32 s31 and is not a¡ected by
those D1 mutations that cause changes in the transcription
rates of the psbA and psbD2 genes [14].
Fig. 3. UV-A treatment induces transcription of psbA genes and
rapid photoinactivation of PSII activity. A: Wild-type (WT) and
AR mutant (contains psbA2 gene as its only functional psbA gene)
cells were pre-treated in the dark overnight and thereafter illumi-
nated with UV-A, violet and yellow light for 1 h. B: Wild-type Syn-
echocystis cells were illuminated with UV-A light in the presence of
translation inhibitor and the PSII activity was measured after 15
min, 30 min and 60 min of illumination. The ¢tted curve shows the
kpi value of 4 h31.
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If photoinhibition mediates the light-induced changes for
psbA gene expression, then what is the photoreceptor of pho-
toinhibition? Many di¡erent photosensitizers including chl,
semiquinone, tyrosine and iron^sulfur centers have been sug-
gested to mediate photoinhibition with numerous hypotheses
on the reaction mechanisms in di¡erent wavelength regions in
plants [33^36]. Interestingly, the in vivo action spectrum of
photoinhibition in Synechocystis, showing a high e⁄ciency
in violet and UV-A light and a peak in the orange^red region,
is very similar to the in vitro action spectrum of photoinhibi-
tion in isolated plant thylakoids [36,37]. In accordance with
our ¢ndings, UV light has been shown to be more damaging
to photosynthesis than visible light in the green alga Dunaliel-
la salina [38], and remarkably the in vivo action spectrum of
D1 protein degradation in Spirodela oligorrhiza [33] closely
resembles the action spectrum of photoinhibition in Synecho-
cystis. This notion is important because the action spectra of
PSII activity and photosynthesis distinctively di¡er between
plants and cyanobacteria due to di¡erent antenna systems.
Thus, it is obvious that the major light absorbing pigments
do not sensitize PSII for photoinhibition. In a recent study
[39] we suggest that light absorption by manganese ions of the
oxygen evolving complex is involved in photoinhibition under
both UV and visible light.
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